Introduction
Prolactinomas are the most common hormone-secreting pituitary tumors, with an estimated prevalence in the adult population of 100 per million [1] . These tumors have been reported in patients from 2 to 80 years [2] , occurring most frequently in women from the second to the fifth decades of life. Even if prolactinomas are rare in children and adolescents, they represent 50% of all pituitary adenomas, which accounts for 2% of all intracranial tumors [3, 4] . In children and adolescents, symptoms usually include functional alterations resulting from elevated prolactin (PRL) (delayed puberty in both sexes, and amenorrhea and galactorrhea in girls) and/or tumor mass effects (headaches, visual field defects, neurological disorders, among others) [2] . The implications of oligosymptomatic or asymptomatic hyperprolactinemia raise many doubts. The few data currently available on the concentrations of the various isoforms in normal children and adolescents in different physiological and pathological situations (e.g. prolactinomas) add more doubts on the roles of these isoforms. The advances in the knowledge of tumor pathogenesis, the contributions of molecular biology and a long-term follow-up of patients have led to new approaches in the clinical and therapeutic management. 
Regulation of Prolactin Secretion
Regulation of PRL secretion in physiological conditions is a complex mechanism involving many neurotransmitters, neurohormones, neuropeptides, various metabolic substances and different systemic hormonal signals. Stress and suckling, as well as estrogen levels, are the most important physiological stimuli of PRL secretion. Agents such as estrogens, 5-OH-tryptamine, noradrenaline, opioids and galanine stimulate PRL secretion through a decreased activity of the pituitary tuberoinfundibular dopaminergic system. Conversely, other neurotransmitters tend to reduce PRL secretion through an increase in tuberoinfundibular dopaminergic activity. The different regulatory pathways are depicted in figure 1 .
Pathogenesis
In recent years, many papers have been published which have clarified some aspects of the pathogenesis of pituitary adenomas. The pituitary tumor-transforming gene (PTTG) was isolated from rat pituitary tumor cells in 1997 and identified as a pituitary-derived transforming gene [5] . PTTG has been shown to be tumorigenic in vivo, through regulation of the basic fibroblast growth factor (BFGF) secretion and inhibition of chromatid separation [5] [6] [7] . BFGF modulates angiogenesis and tumor formation and progression in many tissues including the pituitary gland. Overexpression of PTTG has been shown in all hormone-secreting adenomas including prolactinomas [8] . Estrogens promote tumorigenesis in the pituitary gland by PTTG induction, which results in an increase of BFGF and of vascular endothelial growth factor (VEGF) production. These findings suggest the importance of estrogens in the formation and progression of pituitary adenomas via a paracrine mechanism involving angiogenesis [9] . Different growth factors are expressed in the pituitary gland and released in the extracellular fluid. In addition to the previously mentioned VEGF, the fibroblast growth factor (FGF) is also involved in angiogenesis. Another factor related to the behavior of prolactinomas is the epidermal growth factor (EGF), which is expressed under normal conditions in pituitary cells and its binding sites are located mainly in lactotrophs and somatotrophs. It should be noted that the EGF-binding sites are present in 76.5% of prolactinomas [10] .
Additionally, the role of the high mobility group A 2 (HMGA2) gene in the genesis of pituitary adenomas in humans has been recently demonstrated [11] . The HMGA2 proteins are low-molecular-weight nuclear factors that interact with the minor groove of many AT-rich promoters and enhancers [12] . It has been recognized that HMGA2 is substantially expressed in tumor cells from human prolactinomas [11] . Interestingly, microarray analyses identified 726 unique genes that were statistically significantly different between prolactinomas and Decreased in invasive prolactinomas LI = Labeling index; DA = dopamine agonist; PCNA = proliferating cell nuclear antigen; PNCAM = polysialylated neural cell adhesion molecule. normal glands, whereas proteomic analysis identified 4 differently upregulated and 19 downregulated proteins [13] . All these molecular alterations and different genetic mutations have contributed to the understanding of the genesis of prolactinomas, to the variable clinical behavior (more or less aggressiveness) and to the different therapeutic responses (dopamine-sensitive, dopamine-resistant) ( tables 1 , 2 ).
Clinical Features
The clinical manifestations of prolactinoma vary mainly according to gender, age of onset, tumor size and PRL levels. Girls have a higher prevalence of microprolactinomas, therefore their signs and symptoms are more related to hormonal alterations ( fig. 2 a) . Hyperprolactinemia is a cause of hypogonadotrophic hypogonadism, which leads to delayed puberty, primary and secondary amenorrhea, gynecomastia and/or galactorrhea. Clinical manifestations in males include delayed puberty, gynecomastia and galactorrhea, but we have observed a more frequent occurrence of neuro-ophthalmologic signs (visual disturbance, headaches, etc.) given the higher incidence of macroadenomas [14] ( fig. 2 b, c) . The higher prevalence of macroadenomas in males coincides with findings in adults, where this has been partially attributed to delayed referral and/or onset of symptoms as compared to females. The same assumption could be made for pediatric age. However, our experience does not support this hypothesis, since the time elapsing between the onset of symptoms and diagnosis was similar in both genders (mean for females: 2.4 years; mean for males: 2.6 years) [14] . Consequently, the most plausible explanation would be a difference in tumoral biology between the two genders, as it has been assumed in adults. This seems to be counterintuitive concerning the estrogen-PTTG pathway, since men have lower estrogen levels than women. However, this discrepancy may be explained by the observation that, although men have lower estrogen levels, their tumors express more estrogen receptors than those in women [15] . On the other hand, the enzyme aromatase is present in human pituitary supporting the possible local conversion of testosterone to estrogen. This could be one possible paracrine factor in the development and aggressiveness of prolactinomas [16] . Paradoxically, Burdman et al. [17] have recently shown that the most aggressive tumors were those negative for estrogen receptors within prolactinomas. In certain tumors, the regulatory mechanisms might not be operating properly and estrogen receptors might not be necessary for the regulation of PRL levels, and therefore absent. With these considerations in mind, the absence of estrogen receptors in prolactinomas should be a sign of anaplasia and a more aggressive behavior. Unlike other hypothalamic-pituitary organic processes, prolactinomas are not usually associated with short stature in pediatric patients [18] . In our experience, only 3 patients presented short stature and growth velocity arrest, which confirms that this is not a frequent reason for referral in young patients with prolactinomas [14] .
Galactorrhea is not a constant sign in pediatric patients, as it has been reported in 30-50% of girls [14, 18] . This contrasts with the prevalence of galactorrhea in adult females, which accounts for up to 80% [2] . In males, the percentage of gynecomastia is close to 50% and this condition is frequently associated with galactorrhea (50-75% depending on the authors) [14, 18] ( fig. 3 ). Nevertheless, pubertal gynecomastia is a common finding in normal adolescents (up to 60%), therefore, in pubertal males with prolactinoma and gynecomastia it is difficult to confirm that this condition is due to hyperprolactinemia. There are isolate reports of prepubertal boys with gynecomastia in whom it is reasonable to establish a relationship with elevated PRL [18] . Elevated PRL causes alterations of the gonadotropic axis, inhibiting pulsatile Gn-RH secretion. There have been reports of a direct inhibitory effect on the testicular and ovarian function. In addition, a LH inhibition due to an increased opioid tone observed in hyperprolactinemia, has also been implicated as a cause of amenorrhea in hyperprolactinemic patients [19] . Such alterations appear in adolescent females as delayed puberty (48% in our experience), primary amenorrhea (14-41%), secondary amenorrhea (29-45%) and oligomenorrhea (up to 29%) [14, 18] . In males, in our experience, in addition to the neuro-ophthalmologic disorders we have found delayed puberty in 27% [14] . To date, and to our knowledge, few data are available on the impact of hyperprolactinemia on bone metabolism in children and adolescents [20] . In adult patients, discussions are ongoing on the possibility of a direct effect or an effect mediated via hypoestrogenism [21, 22] . Colao et al. [23] found significantly lower values of bone mineral density in adolescent patients with hyperprolactinemia than in their sex-and age-matched controls and also lower bone mineral density values corrected for age in the adolescent patients with hyperprolactinemia than in the young adult patients.
Headache is the most common neuro-ophthalmologic symptom (64-77% of males, and 17-30% of females), but it is not consistently related to tumor size or to PRL levels [24] . Visual field defects are present depending on tumoral size. In our experience, this alteration has been observed in 7% of females and 64% of males, due to the predominance of macroprolactinomas in the latter group [14] ; likewise, Colao et al. [18] reported visual field defects in 2/17 females and 5/9 males. In some cases, the severity of visual disturbance may be such that may lead to blindness [25] , exophthalmia [26] and, rarely, it may be associated with an endocranial hypertension syndrome [14] .
These symptoms are clearly associated with aggressive tumors. It should be noted that the mechanisms of aggressive biological behavior of some prolactinomas have not yet been fully defined. The specific markers of aggressiveness of prolactinomas reported include proliferation factors, proteins related to the cellular cycle, adhesion molecules, extracellular matrix components, local growth factors and tumoral angiogenesis, apart from some specific genetic disorders [9] .
Diagnosis
The diagnosis of prolactinoma requires both radiographic evidence of pituitary adenoma and laboratory analysis documenting the presence of sustained hyperprolactinemia, after other potential causes of secondary elevation of PRL have been ruled out. Given the increase in PRL during normal puberty, adequate gender-and age-specific reference values are required. Because of the pulsatile secretion of PRL and as it is a stress hormone, at least 2 elevated PRL values are needed, which should have been obtained on different days. According to the International Consensus of the Pituitary Society, 2-3 samples separated by 15-20 min should be obtained to avoid the effect of pulsatile secretion [2] . In our experience, samples obtained on different days with a previous 20-min rest would be adequate to confirm hyperprolactinemia.
Baseline PRL measurement itself has a high diagnostic value. In the cases of prolactinomas, PRL concentration is generally related to tumor size. However, moderately increased levels of PRL do not rule out the presence of a tumor. In addition, slightly increased values, a normal MRI and no clinical symptoms, suggest the possible presence of PRL isoforms with minor or no biologic activity. Asymptomatic hyperprolactinemia has also been reported in pediatric patients [27, 28] due to abnormal elevation of PRL isoforms. Additionally, the presence of glycosylated PRL and macromolecular forms in healthy children and adolescents of both genders should not be considered pathological, as we have confirmed [unpubl. data] . Even if Sephadex G100 column chromatography is the gold standard for the characterization of PRL macromolecules (Big Big-PRL and Big-PRL), this is a laborious and expensive method. For this reason, for Big Big-PRL measurement, simpler methods have been developed (precipitation with PAS, PEG, etc.) [29, 30] .
Prior to the introduction of modern imaging methods (CT and MRI), dynamic tests for PRL secretion were developed to distinguish prolactinomas from other causes of hyperprolactinemia. Sulpiride, nomifensine, metoclopramide, TRH and domperidone have been used among others [31] . All these tests are non-specific and blunted PRL responses occur in patients with prolactinomas, hypothalamic tumors and non-tumoral hyperprolactinemia. Additionally some patients with prolactinomas have normal PRL responses to these dynamic tests. For these reasons, it has been stated that the provocative tests are not useful in the differential diagnosis of hyperprolactinemia. They are expensive, time-consuming and do not add more information than available from measurement of basal PRL [32] .
Hyperprolactinemia in children and adolescents in the presence of a pituitary adenoma detected by MRI or CT is consistent with the diagnosis of prolactinoma; however, it should be noted that any pituitary mass compressing the stalk may cause elevation of PRL. Furthermore, approximately 10% of the general population may have asymptomatic pituitary microadenomas (incidentalomas) [2] . Therefore, the presence of an image of these characteristics in a patient with moderate hyperprolactinemia would not confirm the diagnosis of prolactinoma. Undoubtedly, the diagnosis of PRL-secreting adenoma should be confirmed by histopathology but, as these tumors are rarely treated with surgery, such confirmation is generally based on the response to drug therapy. Thus, normalization of serum PRL levels associated with considerable tumor size shrinkage (50-75%) or complete remission would confirm the diagnosis. It is important to remember the enlarged pituitary that is sometimes observed, especially in normal females, during puberty. In these cases, the superior margin of the pituitary gland takes the form of a tent. However, normally, there is no elevation of PRL levels and therefore this should not lead to an erroneous diagnosis of prolactinoma.
In patients with macroprolactinoma, an assessment of the visual field should also be performed, because of the possibility of an involvement of the via optica [2] . According to the suggestions of the Pituitary Society [2] , this test would not be required for microadenomas.
Therapeutic Approaches
Dopaminergic agonists are the initial therapy of choice in children, adolescents, as well as in adults, because of their effectiveness and tolerance [33] .
The goals of therapy are to ensure a normal pubertal development, to restore and/or maintain an adequate gonadal function, to shrink the pituitary tumor mass as well as to achieve an adequate peak bone mass and ensure future fertility.
Bromocriptine, cabergoline, pergolide and quinagolide exert their action by binding to D2 dopamine receptor, a G-protein-coupled receptor, expressed in the pituitary lactotrophs, leading to an inhibition of the PRL synthesis and secretion. The interaction with the D2 receptor reduces adenylate cyclase activity and the signaling pathways downstream of this enzyme. Stimulation of these receptors also inhibits inositol phosphate production and phopholipase C activity. The final consequence of the inhibition of these signaling cascades appears to be the repression of the PRL gene transcription. Furthermore, bromocriptine inhibits the pituitary lactotroph mitosis and growth. This effect, coupled with an induction of perivascular fibrosis and cell necrosis, results in tumor shrinkage [34] .
Even if the effects of the dopaminergic agonists are similar to each other, each agonist has its own specific features. Data published on children and adolescents are still limited.
Bromocriptine. Generally, as in adults, the therapeutic doses of bromocriptine are in the range of 2.5-15 mg/day, with a standard dose between 5 and 7.5 mg/day in split doses. Adverse effects can be reduced by initiating therapy at a single dose of 1.25 mg/day and using an incremental dosage schedule. The evaluation of several series of children and adolescents with prolactinomas treated with bromocriptine as primary drug therapy shows that the mean effectiveness reported in the normalization of PRL serum levels or in the restoration of gonadal function in this population is slightly lower than that observed in adults (67.7%) [34] .
Cabergoline. Unlike other dopaminergic agonists, cabergoline has a long half-life, being administered once or twice weekly. The long action of cabergoline is due to its low clearance and slow elimination from the pituitary tissue, to its high affinity binding for D2 dopaminergic receptors and an extensive enterohepatic recycling. In children and adolescents, cabergoline has been used at variable doses (0.5-3.5 mg/week). In our series of 40 peripubertal children with prolactinomas followed up for 2-20 years, cabergoline was used as initial therapy in 7 patients. PRL returned to normal in 6 patients, while moderate hyperprolactinemia persisted in 1 patient. In all cases, either significant tumor shrinkage or complete remission was achieved [14] . Other authors have reported similar experiences as regards the efficacy of cabergoline in the treatment of prolactinomas [18] .
Quinagolide. This is a non-ergot dopaminergic agonist, 35 times more potent than bromocriptine and the effective dose ranges from 0.03 to 0.5 mg/day administered orally. In pediatric patients, data are limited. In a series published some years ago, quinagolide (0.075-0.6 mg/day) was administered to 15 bromocriptine-resistant children with prolactinomas. Normalization of PRL levels and tumor shrinkage were achieved in 5 of them; it is likely that the other 10 patients might have been partially resistant to the drug [18] .
Pergolide. Pergolide mesylate is a semisynthetic ergot alkaloid derivative, which is 10-100 times more potent than bromocriptine (standard dose: 50-250 g/day). The tolerability and effectiveness of pergolide are similar to those of bromocriptine, however the data on the effectiveness of pergolide in children and adolescents are limited [34] .
In prolactinomas, limiting factors of dopaminergic agonists include, in addition to drug intolerance, the development of resistance because of the intrinsic nature of the tumor, which depends on the density of dopaminergic receptors and its binding agonist affinity. In these patients, an alternative agonist should be indicated before concluding that the drug therapy is ineffective [2, 35] .
As regards the adverse effects of dopaminergic agonists, even if their incidence has not been systematically investigated in the pediatric population, events similar to those observed in adults have been reported. Reported events are mainly gastrointestinal, cardiovascular and neurological. The most common gastrointestinal effects are nausea and vomiting, which are usually transient, although in 3-5% of patients their severity has led to discontinuation of therapy [34] . Orthostatic hypotension occurs in approximately 5% of patients at the initiation of therapy. Exacerbation of preexisting psychosis has been also associated with the use of dopaminergic agonists [36, 37] . A recent report of cardiac valve regurgitation in patients with Parkinson's disease treated with pergolide and cabergoline has raised new concerns about long-term safety of dopamine agonists [38] . Aortic valve calcification and mild tricuspid regurgitation have also been reported in long-term treatment of prolactinomas [39, 40] ( table 3 ) .
In hyperprolactinemia due to hypothalamic-pituitary tumors, surgery is an option for extreme cases, depending on the type of tumor and the clinical conditions. In macroprolactinomas, surgery should be reserved for cases in which drug therapy has failed or for neurosurgical emergencies. When surgery is performed, the transsphenoidal approach represents the standard of care, except in little children in whom the sphenoid sinus is not pneumatized [14] .
External radiotherapy is rarely used to treat prolactinomas. It is indicated only after failed surgery and/or drug therapy [2] . In our experience, radiotherapy has not been required to treat children and adolescents. 
Conclusions
The new concepts gained and a better understanding of the physiology and pathophysiology of hyperprolactinemic conditions have changed the diagnostic and therapeutic options. Diagnosis and follow-up of prolactinomas in pediatric and adolescent age show some genderdependent differences in their clinical presentations. These differences cannot be accounted for only in terms of the time of evolution, and suggest a greater aggressiveness in males. In the majority of patients, drug therapy can control the disease effectively, restore PRL levels to normal and achieve gonadotropic axis restoration.
